This article studies the thermal properties of a multi-walled carbon nanotube (MWNT)-reinforced thermoplastic natural rubber (TPNR) nanocomposite. The nanocomposite was prepared using a melt blending method. Various percentages (1, 3, 5, and 7 wt%) of MWNTs were added into TPNR to improve its thermal properties. The laser flash technique was also employed to determine the thermal conductivity, thermal diffusivity, and specific heat capacity of the nanocomposite. The DMA result showed that the glass transition temperature (T g ) increased with the increase in MWNT content. TEM micrographs also demonstrated that a good dispersion of MWNTs was achieved in the TPNR environment.
Introduction
Since the discovery of carbon nanotubes (CNTs) by a Japanese experimentalist, extensive research in relation to the use of CNTs for polymer-based materials has been conducted due to their extraordinary properties and potential for a wide range of engineering, space, and biomedical applications. [1] [2] [3] CNTs are considered to be ideal reinforcing agents for producing high-strength and good conductive polymer composites, because CNTs possess superior mechanical properties (the Young's modulus of a single-walled nanotube (SWNT) can go up to 1 TPa based on the theoretical analysis of a graphene sheet), 4 electrical conductivity (a SWNT can exist in the form of a metal or a semi-conductor depending on its chiral arrangement), 5 and thermal conductivity. 6, 7 The thermal properties of CNT/polymer composites are of particular interest in many applications, such as the development of conductive polymer films and electronic components. Due to the high thermal conductivity of CNTs (those for SWNTs and multi-walled carbon nanotubes (MWNTs) are 6000 W m À1 K À1 (Ref. 7 ) and 3000 W m À1 K
À1
(Ref. 8 ), respectively) and their extremely high aspect ratio (>1000), the thermal conductivity of CNT-related composites is expected to be quite high. This also implies that even by using only a small amount of CNTs, we should be able to significantly improve the thermal conductivity properties of polymer-based materials. As compared with SWNTs, MWNTs are more predominantly used as conductive fillers due to their lower cost, better availability, and easier dispersability. This has been confirmed by recent experimental results. By mixing 1 wt% of MWNTs in an industrialgrade, epoxy, the thermal conductivity increased up to 125%. 9 In an organized fluid, adding 1 wt% of MWNTs can increase its conductivity by more than twofold and up to threefold. 10 In this study, the thermal conductivity was measured using the laser flash diffusivity method. [11] [12] [13] [14] [15] This parameter is critical for the basic understanding of the heat dissipation on the surface of CNTs in a MWNT/thermoplastic natural rubber (TPNR) nanocomposite. Despite the considerable number of studies that have been concerned with the preparation and thermal conductivity of CNT/polymer nanocomposites, no report has been done to date regarding the improvement of thermal conductivity of TPNR using CNTs. Thus, TRNR was used as a base to produce a MWNTs/TPNR nanocomposite with different MWNT contents. The effect of the different contents of MWNT in terms of thermal behavior, in the TPNR environment is reported.
Experimental method Materials
MWNTs that were supplied from the Chinese Academy of Science (CAS), were manufactured using a chemical vapor deposition. The purity, length, diameter, and density of the MWNTs were >95%, 10-30 mm, <8 nm, and 0.27 g cm À3 , respectively. Polypropylene (PP) with a density of 0.905 g cm À3 was supplied by Propilinas (M) Sdn. Bhd, and natural rubber was obtained from Guthrie (M) Sdn. Bhd. Liquid natural rubber (LNR) was produced by a photochemical degradation technique.
Composite preparation
The samples were prepared using an internal mixer (Haake Rheomix 600P). The mixing temperature was 180 C, with a rotor speed and stirring time of 80 rpm for 11 min, respectively. The indirect technique was used to prepare the nanocomposites. This involved mixing the MWNTs with LNR separately, before melt blending with PP and NR in an internal mixer. TPNR nanocomposites were prepared by melt blending PP, NR, and LNR with MWNTs in ratios 70, 20, and 10 wt%, respectively, as compatibilizers and MWNTs varied from 1 to 7 wt%.
Characterization
The thermal conductivity was measured by the laser flash method. 16 Disc-type samples (12.7 mm in diameter and 1 mm in thickness) were set in an electric furnace. Specific heat capacities were measured using a differential scanning calorimeter (DSC). Thermal conductivity
, and specific heat capacity (C p , J g À1 K À1 ) at different temperature rates using the following equation:
The reference used for the heat capacity calculation was a 12.7-mm thick specimen of pyroceram. The reference sample had also been coated with a thin layer of graphite before the measurement was performed. The thermal conductivity of MWNT-reinforced TPNR matrix composites was studied in the temperature range of 30-150 C. The dynamic mechanical properties of the composites were measured on a TA DMA-2980 with the sample dimension of 30 Â 12.5 Â 3 mm 3 . DMA thermograms of the samples were obtained at a frequency of 1 Hz in a nitrogen atmosphere, at temperatures from À100 C to 150 C at a scan rate of 5 C min À1 . Morphological examination was carried out using a Philips STEM CM12 transmission electron microscope with an acceleration voltage of 100 kV. An ultrathin section was prepared using a Leica Ultracut E with cryo FC4E attachment at À100 C.
Results and discussion
The thermal conductivity of MWNT/TPNR improved significantly compared to the pristine TPNR sample. In Figure 1 , the results of the sample tested at 30 C are shown. In the figure, the thermal conductivity of the composites with 1, 3, 5, and 7 wt% of MWNTs increased by approximately 232%, 222%, 17.69%, and 18.6% of 1%, 3%, 5%, and 7%, respectively. Thermal transport in the composites included phonon diffusion in the matrix and ballistic transportation in the filler. The improvement in thermal conductivity of the composites may stem from the improved percolation because of better dispersion and formation of network. 17 During the experiment, it was also seen that the dispersion quality of 1 and 3 wt% of MWNTs was better than that of the composites with 5 and 7 wt%.
The correlation between the temperature and thermal conductivity of the composites within the range 30-90 C is shown in Figure 2 . So, this is because of the opposing effect of temperature on the specific heat and thermal diffusivity. At high temperature, as the phonon mean free path is lowered, the thermal conductivity of the matrix approaches the lowest limit and the corresponding thermal resistivity approaches the highest limit.
In addition, the figure shows that the maximum thermal conductivity was achieved for the composites with 1 and 3 wt% of MWNTs compared to others at 5 and 7 wt%. Agglomeration of MWNTs was seen in the composites with 5 and 7 wt%, and, thus, the number of MWNT junctions increased to form a single conduction path that caused the reduction in the thermal conductivity. Furthermore, the resistance to phonon movement from one MWNT to another through the junction would hinder phonon movement and, hence, limit the thermal conductivity. This transition occurred by direct coupling of MWNTs, in the case of improper impregnated ropes, MWNT-junctions and agglomerates, or via the matrix. In all these cases, the transition occurs via an interface and, thus, the coupling losses can be ascribed to an intense phonon boundary scattering. At the same time, the thermal conductivity decreased with an increase in the temperature (if the temperature came near to the melting point of the matrix). This indicates that the thermal conductivity of the composites is mainly dominated by the interface thermal transport between MWNT/matrix or MWNT/MWNT interfaces. Thus, it is believed that the decrease of thermal conductivity of the composites could be due to high thermal resistance across the nanotube/matrix or nanotube/nanotube interfaces. 18 The thermal diffusivity of the composites was measured at a temperature range between 30 C and 150 C. The results show that the thermal diffusivity decreased with an increase in the temperature (as shown in Figure 3 ). Its decrease with the fiber content was also due to the density of the composites decreasing with the increase in the content of MWNTs (the density of MWNTs is less than the TPNR density). Hence, the density of the samples does affect the thermal diffusivity. 19 This means that TPNR containing MWNTs requires a shorter time to be heated up or cooled down than that of TPNR by itself.
Above 150 C, the temperature at which the TPNR started to melt, a slight variation of the thermal diffusivity with temperature was observed. The thermal diffusivity depends mainly on the mean free path length of the phonons. This mean free path length decreases vs. temperature because the phonon scatterings are enhanced with the increased temperature for the TPNR. Therefore, its thermal diffusivity and thermal conductivity are quite high at the same temperature.
As the test temperature goes up, the phonon vibration frequency will be quickened to make the possibility of collision increase; in addition, the mean free bath decreases rapidly, which leads to a rapid decrease of its thermal diffusivity; 20 therefore, the decrease of thermal diffusivity is attributed to different thermal properties of individual MWNTs and their ropes in the matrix.
The temperature-dependent behavior of the specific heat of the composites is different from that of their thermal diffusivity, which decreased with the temperature. The specific heat of all the measured samples increased linearly with the measured temperature from 30 C to 150 C. The addition of MWNTs decreased the specific heat, as expected from the relatively high specific heat of the matrix, as shown in Figure 4 . The specific heat capacity of composites was influenced by the fiber content; the results show that the specific heat increased with increasing MWNTs content for the samples with 1% and 3% of MWNTs compared with those that only had 5% and 7%. The phonon mean free path was determined by both the phononphonon and the phonon-defect interactions. However, its specific heat increased to a small degree with the temperature, while the phonon mean free path decreased greatly, which made its thermal conductivity first increase and then decrease with temperature. The major mechanism of the specific heat enhancement induced by the CNTs addition is not well understood. It may be related to the multi-walled structure of MWNTs, in which the weak interlayer coupling can exhibit anything from 1D to 3D behavior depending on the detailed value of the radius and the number of walls. 21 On the other hand, the interface between the boundaries of matrices or CNTs and matrices, or nanotube and nanotube will also affect the heat capacity.
The dynamic mechanical data show that the glass transition temperature of the MWNT/TPNR composites is affected by the addition of the different amounts of MWNTs, as can be seen in Figure 5 . The T g of a polymeric matrix tends to increase with the addition of carbon nanoparticles. The rising in T g in any polymeric system is associated with restriction in molecular motion, reduction in free volume and/or a higher degree of cross-linking due to the interactions between the polymer chains and the nanoparticles and the reduction of macromolecular chain mobility. 22 When the content of MWNTs is higher, MWNTs congregations occur because of intrinsic Van der Waals forces, leading to bubbles and small aggregates. The conglomerations and matrix holes existing in the network of MWNTs may perform as defects, which make the macromolecules move easier, and the T g of the matrix is decreased.
The transmission electron microscope (TEM) shows the morphology of MWNT/TPNR composites, which indicate the dispersion abilities of MWNTs in the TPNR matrix, as shown in Figure 6 (a) and (b), which summarizes the TEM images of TPNR with 3 and 7 wt% MWNTs. Figure 6(a) shows the good dispersion of 3 wt% of MWNT inside TPNR, and exhibits better interfacial adhesion of MWNTs and TPNR. Furthermore, Figure 6 (b) at 7 wt% of MWNT, shows the poor dispersion and the large MWNT agglomerates because of the huge surface energy of MWNTs. This supports our results of thermal behavior due to the kinks or twists of CNTs that can affect the thermal conductivity. This arises when the phonon travels along the nanotube, or when the phonon meets the kinks or twists and its path is blocked at those sites. The existence of such kinks or twists in CNTs leads to a decrease in the effective aspect ratio of the nanotubes 23 at 7 wt% MWNTs. This is caused by the increased agglomeration compared to the good dispersion with 3 wt% of MWNT.
Conclusions
MWNT/TPNR composites with different amounts of MWNT were prepared and their thermal properties were investigated in this study. A laser flash technique was used to measure the thermal conductivity, thermal diffusivity, and specific heat. From the results obtained, higher thermal conductivity was achieved in the samples with 1 and 3 wt% of MWNT compared to the pristine TPNR. Any sample with the MWNT content higher than 3 wt% caused the conductivity to decrease. In addition, the improvement of thermal diffusivity and specific heat was also achieved at the same percentage. DMA confirmed that the glass transition temperature (T g ) increased with the increase in the amount of MWNTs. TEM has confirmed the formation of effective dispersion and bonds between MWNTs, and TPNR is quite important for potential MWNTs in enhancing the thermal conductivity of TPNR composites. 
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